Humans and animals walk adaptively in diverse situations by skillfully manipulating their complicated and redundant musculoskeletal systems. From an analysis of measured electromyographic (EMG) data, it appears that despite complicated spatiotemporal properties, muscle activation patterns can be explained by a low dimensional spatiotemporal structure. More specifically, they can be accounted for by the combination of a small number of basic activation patterns. The basic patterns and distribution weights indicate temporal and spatial structures, respectively, and the weights show the muscle sets that are activated synchronously. In addition, various locomotor behaviors have similar low dimensional structures and major differences appear in the basic patterns. These analysis results suggest that neural systems use muscle group combinations to solve motor control redundancy problems (muscle synergy hypothesis) and manipulate those basic patterns to create various locomotor functions. However, it remains unclear how the neural system controls such muscle groups and basic patterns through neuromechanical interactions in order to achieve adaptive locomotor behavior. This paper reviews simulation studies that explored adaptive motor control in locomotion via sensory-motor coordination using neuromusculoskeletal models based on the muscle synergy hypothesis. Herein, the neural mechanism in motor control related to the muscle synergy for adaptive locomotion and a potential muscle synergy analysis method including neuromusculoskeletal modeling for motor impairments and rehabilitation are discussed.
Introduction
In diverse situations, humans and animals produce adaptive locomotion by skillfully manipulating their musculoskeletal systems. To put it more simply, such locomotion involves moving the center of mass of their bodies against gravity by using their limbs. However, bodies have more degrees of freedom (DOFs) in their joints than are necessary to produce such movements, and have more DOFs in their muscles than in their joints due to antagonistic muscle pairs and multiarticular muscles. Furthermore, various parts of the neural system, such as the cerebral cortex, the cerebellum, the brainstem, and the spinal cord, contribute to generating motor commands for locomotion by integrating visual, vestibular, and somatosensory information. That is, they use numerous DOFs and vast amounts of information to produce locomotion. Therefore, while it is obvious that such redundancy plays an important role in achieving adaptive locomotion, it remains unclear how bodies utilize information and manipulate such large amounts of DOF during the process.
From statistical analyses, such as principal component analysis (PCA), independent component analysis (ICA), and nonnegative matrix factorization (NMF) (Lee, 1999) , of measured electromyographic (EMG) data during movements (not limited to locomotion), despite complicated spatiotemporal properties, muscle activation patterns can be explained by a low dimensional spatiotemporal structure. As for locomotion, muscle activation patterns can be accounted for by the combination of a few basic activation patterns as shown in Fig. 1 , where the basic patterns and distribution weights show temporal and spatial structures, respectively (Dominici et al., 2011) , and the weights show the muscle sets that are activated synchronously. More specifically, the activation pattern of muscle i, m i (t), is explained by m i (t) = j w ij p j (t), where p j (t) is the basic pattern and w ij is the weighting coefficient. Although the NMF analysis has another model, which allows the time shift of spatiotemporal profiles as defined by m i (t) = j c j v ji (t − t j ), where v ji (t) is the decomposed spatiotemporal profile, c j is the coefficient, and t j is the onset delay (d 'Avella and Bizzi, 2005; d'Avella et al., 2003) , this review focuses on the former model. These analyses capture invariant spatial and temporal structures present in motor tasks, even though the extracted structures may actually change because these analyses depend totally on the EMG data set (this is a limitation of these analyses). The extracted structures (basic patterns for locomotion) may be regarded as motor primitives in a computational sense because they are the building blocks from which motor activities are constructed (Dominici et al., 2011) and it is suggested that neural systems use such muscle group combinations to solve the redundancy problem faced in motor control (muscle synergy hypothesis) (d 'Avella and Bizzi, 2005; d'Avella et al., 2003; Drew et al., 2008; Takei and Seki, 2010; Ting and Macpherson, 2005; Todorov and Jordan, 2002; Tresch et al., 1999) . However, it remains unclear how neural systems control such muscle groups in order to produce adaptive locomotion through sensory-motor coordination.
Measured data analyses have provided hypotheses about neural system contributions. However, human and animal movements are well-organized motions generated through dynamic interactions between the neural system, the musculoskeletal system, and the environment, which makes it difficult to fully clarify underlying mechanisms using only measured data analysis. It is also crucial to elucidate dynamic characteristics in the neuromechanical interactions through the environments that produce the movements. To overcome limitations imposed by using measured data analysis alone, modeling studies have recently attracted attention because their physiological and biomechanical (anatomical) findings enable the construction of reasonably realistic models of the neural and musculoskeletal systems. By integrating the neural and musculoskeletal models (neuromusculoskeletal model) and by comparing the results of the forward dynamic simulation with measured data (such as joint angles, EMG data, and ground reaction forces), this approach aims to improve the understanding of information processing mechanisms in the neural system through observations of dynamic interactions between the neural system, the musculoskeletal system, and the environment. This approach also helps verify physiological hypotheses from a dynamic viewpoint.
This review focuses on the locomotion of humans and animals and shows simulation studies for exploring adaptive motor control through neuromechanical interactions using neuromusculoskeletal models based on the muscle synergy hypothesis. Based on the results, the neural mechanism in motor control related to the muscle synergy needed for adaptive locomotion and a potential muscle synergy analysis method including neuromusculoskeletal modeling for motor impairments and rehabilitation are discussed. Ivanenko et al. (2004) examined the EMG data of 25 muscles recorded during human walking and reported that they can be explained by a combination of just five basic activation patterns. In addition to normal walking, the EMG data in voluntary tasks during locomotion, such as stepping over an obstacle or kicking a ball, were investigated. When voluntary tasks were performed during locomotion, the five basic patterns were invariantly present (although the weights could be different) and the voluntary tasks were accompanied by an additional sixth basic pattern distributed to muscles and timed to the voluntary tasks (Ivanenko et al., 2005 . When comparing human walking and running gaits, one basic pattern appears in different phases while the other basic pattern are identical (Cappellini et al., 2006) . Furthermore, similar basic activation patterns have been observed in locomotion of such animals as rats, cats, and monkeys (Dominici et al., 2011) .
Muscle synergy hypothesis for locomotion
The basic activation patterns are each characterized by a relatively narrow (Gaussian-like) peak of activation at a particular phase of the gait cycle . The activation timings of these patterns are strictly linked to specific kinematic events, such as foot contact and lift off. Based on these findings, Ivanenko et al. (2005 Ivanenko et al. ( , 2006 proposed a locomotion motor control program in which the central pattern generator (CPG) in the spinal cord produces the sequence of activation pulses in accordance with locomotion movements and kinematic events ( Fig. 2A) . These pulses are distributed to the motoneurons through the weightings associated with the spatial structure of muscle synergies. In humans, the CPG adds an activation pulse timed to the voluntary task ( Fig. 2B) (Ivanenko et al., 2005 and changes the phase of one activation pulse between walking and running gaits ( Fig. 2C ) (Cappellini et al., 2006) .
Simulation study using neuromusculoskeletal models
To date, locomotion modeling studies have been performed specifically to investigate the adaptation mechanism through 
obstacle avoidance, and (C) running (modified from (Cappellini et al., 2006; Ivanenko et al., 2006) ). One activation pulse is added for obstacle avoidance and the second activation pulse for walking is shifted for running as shown by bold red arrows.
sensory-motor integration in the spinal cord by integrating models at the skeletal, muscle, and neural levels (Ekeberg and Pearson, 2005; Ogihara and Yamazaki, 2001; Taga et al., 1991; Taga, 1995 Taga, , 1998 Pearson et al., 2006; Prochazka and Yakovenko, 2007; Yakovenko et al., 2004) . However, such models have large numbers of undefined parameters, which makes integrated modeling study difficult. Furthermore, as the DOFs of the models, such as the joints, muscles, and neural elements, increase to make the models more biologically plausible, the number of parameters increases significantly. The application of the muscle synergy hypothesis enables a large reduction in the number of model parameters due to a low dimensional structure at the motoneuron activation level. In addition, using sensory information to clarify the contribution of activation pulse manipulation as a unit of motor control will improve understanding of the adaptation mechanism in locomotion by facilitating observations of sensory-motor coordination in the neural system. Based on the muscle synergy hypothesis for locomotion, a neural system model was developed (Aoi et al., 2010 (Aoi et al., , 2012 (Aoi et al., , 2013 ) that consists of a CPG model at the spinal cord level and a posture control model at the brainstem and cerebellar level (this review focuses on the CPG model. For details on the posture control model, see Aoi et al., 2010 Aoi et al., , 2013 ). Forward dynamic simulations were then performed to investigate the neural mechanism by integrating the neural system and musculoskeletal models of humans and rats (Fig. 3) .
Two-layered CPG model
Previous physiological studies have suggested that the CPG consists of hierarchical networks that include the rhythm generator (RG) and pattern formation (PF) networks (Burke et al., 2001; Lafreniere-Roula and McCrea, 2005; Rybak et al., 2006a,b) . The RG network generates the basic rhythm and alters it by producing phase shift and rhythm resetting in response to sensory afferents and perturbations, while the PF network shapes the rhythm into spatiotemporal patterns of motoneuron activations through interneurons. Thus, the CPG separately controls the locomotor rhythm and motor activity pattern in the RG and PF networks, respectively. Based on this physiological finding, a CPG model consisting of the RG and PF models was developed. The RG model used two simple phase oscillators to produce basic rhythm and phase information (0 − 2 ) for the corresponding leg, while the PF model determined motor commands necessary to produce periodic leg movements in accordance with the oscillator phase based on the muscle synergy hypothesis for locomotion.
Leg movement control based on muscle synergy hypothesis
The PF model used five rectangular pulses for the human and four rectangular pulses for the rat models to reproduce their normal walking behaviors (Fig. 4 ) in a way that was similar to a previously developed human model (Jo and Massaquoi, 2007) (rectangular pulses yield Gaussian-like activation patterns through a low pass filter). The initiation phase and duration of the pulses were determined based on the RG model oscillator phase. The pulses were delivered to motoneurons using weighting coefficients.
To perform an obstacle avoidance task in the rat model, another rectangular pulse was used, similarly to a previously developed model (Jo, 2008) . Because the leading and trailing legs have different roles when stepping over an obstacle, different rectangular pulses were used for the legs (Fig. 5) . Furthermore, because a rat must not only raise the leg higher than usual to clear an obstacle, but also support the body with the contralateral leg, additional pulses were distributed to both the swinging and supporting legs. The timing of these additional pulses was modulated by sensory information, as described in Section 3.3.3.
Adaptive locomotion through sensory-motor coordination
Because basic motor patterns for walking and obstacle avoidance were determined by rectangular pulses, adequate timing is crucial when the pulses are generated. Although the CPG can produce oscillatory behaviors in the absence of rhythmic input or sensory feedback, it must use sensory information for adaptive and effective locomotion. As a result, sensory regulation models have been incorporated into the muscle synergy-based control model in order to investigate their contribution to adaptive locomotion.
Transition from swing to stance phase
It has been reported that locomotor rhythm and phase are regulated by producing phase shift and rhythm resetting (phase resetting) for periodic motor commands in response to sensory afferents and perturbations, as shown in Fig. 6 (Conway et al., 1987 ; Duysens, 1977; Guertin et al., 1995; Lafreniere-Roula and McCrea, 2005; Rybak et al., 2006a; Schomburg et al., 1998) . Moreover, spinal cats walking on a treadmill change their gait in accordance with the belt speed (Forssberg and Grillner, 1973; Orlovsky et al., 1999) . This suggests that the tactile sensory information between their feet and the belt influences the locomotion phase and rhythm generated by the CPG (Duysens et al., 2000) . Because cutaneous afferents were observed to contribute to phase shift and rhythm resetting behaviors (Duysens, 1977; Schomburg et al., 1998) , and because the timing of the basic activation patterns are strictly linked to specific kinematic events (such as foot contact and lift off ), the oscillator phase in the RG model was reset to a nominal value in order to model these behaviors based on foot contact information.
By integrating the rectangular pulses, phase resetting, and posture control, stable walking behaviors were achieved in the human and rat models. The simulation results were evaluated by comparisons with measured data, such as joint angles, EMG data, and ground reaction forces (Aoi et al., 2010 (Aoi et al., , 2013 . Furthermore, the sensory regulation via phase resetting prevents the models from falling over and allowed the production of robust locomotor behaviors against perturbing forces and environmental variations, along with the ability to clear high obstacles, as shown in Fig. 7 . (Note that while the simulation results of perturbing forces and environmental variations were not compared with measured data, the obstacle avoidance task simulation results were compared).
When the foot is in the air during the swing phase, the leg is swung like a pendulum. In contrast, when the foot is in contact with the ground during the stance phase, the leg supports the body against gravity and moves it forward. In other words, the dynamic role of the leg is different depending on whether the foot is in contact with the ground, and the necessary muscle force is completely different. Therefore, when a foot contact occurs earlier than usual because of disturbances, motor commands must be also generated earlier in order to support the body. When a foot contact is delayed, relevant motor commands must be also delayed. Sensory regulation by phase resetting achieved these motor command modulations via manipulating the basic activation patterns of muscle synergies in accordance with the situation, which improved the robustness of the locomotion. Although the phase resetting mechanism has demonstrated an increased level of locomotion robustness from the kinematics level observed in previous works (Aoi et al., 2008; Yamasaki et al., 2003) where joint kinematics were directly modulated based on sensory information, application of the muscle synergy hypothesis enabled muscle force level adaptation, and thereby allowed the model to explain the adaptation mechanism more plausibly in a biological sense.
Transition from stance to swing phase
It has been suggested that two types of sensory information are used for the stance to swing phase transition in cat locomotion: force-sensitive afferents in the ankle extensor muscles (Duysens and Pearson, 1980; Whelan et al., 1995) and position-sensitive afferents from the hip (Grillner and Rossignol, 1978; Hiebert et al., 1996) . More specifically, sufficient decrease of the force in the ankle extensor muscle (unloading rule) or sufficient extension of the hip joint (hip extension rule) changes the motor control from the stance to swing phase.
To investigate the sensory mechanism used to regulate this phase transition for adaptive walking, the oscillator phase was reset to a nominal value when the unloading or hip extension rule was satisfied in the human model. The simulation results showed that the unloading rule allowed the model to produce more robust walking against disturbed forces than the hip extension rule (Aoi et al., 2012) , which is similar to the results of a previous modeling study of cat locomotion (Ekeberg and Pearson, 2005; Pearson et al., 2006) .
Interlimb coordination during obstacle avoidance
Because alternating leg movements produce locomotor behavior, interlimb coordination is an important factor for adaptive locomotion. In an obstacle avoidance task during walking, when the swinging leg steps over an obstacle, the contralateral leg must support the body in order to maintain its posture. Note that the obstacle avoidance task will fail without this support. More specifically, when the foot of the leading leg is raised higher than normal to clear an obstacle, foot contact is delayed. When the delay becomes longer than the onset of the additional input for the trailing leg, the rat model begins to step over the obstacle without support from its contralateral leg. This reduces the performance of obstacle avoidance task, which requires adequate interlimb coordination for success. To facilitate task success, the oscillator phase was modified to delay the additional rectangular pulse for stepping over an obstacle until the contralateral leg came into contact with the ground and could support the body. The simulation results showed that by incorporating sensory regulation based on this interlimb coordination as well as the sensory regulation based on the phase resetting, the rat model cleared high obstacles using small additional inputs (Aoi et al., 2013) . This suggests that adequate interlimb coordination contributes to energy efficiency for stepping over an obstacle. That is, two different sensory regulations created two different motor functions in the obstacle avoidance task. . Sensory regulation of motor commands in response to cutaneous afferent by producing phase shift and rhythm resetting (modified from (Schomburg et al., 1998) ). PBSt, posterior biceps semitendinosus; Q, quadriceps; DP, deep peroneal group; MG, medial gastrocnemius; LG-S, lateral gastrocnemius and soleus; co, contralateral; inc., incoming. (Aoi et al., 2010) and (B) obstacle avoidance of the rat model (Aoi et al., 2013) . Although the models that were not equipped with phase resetting tended to fall over easily (hip falls for the rat model) after environmental variation and obstacle avoidance, the models with phase resetting were able to keep walking.
Discussion

Hypothetical control of muscle synergies for adaptive locomotion
From the analysis of measured EMG data during locomotion, muscle activation patterns are explained by a low dimensional spatiotemporal structure composed of the combination of a few basic activation patterns (Ivanenko et al., 2004 . In addition, various locomotor behaviors have similar low dimensional structures and major differences appear in their basic patterns (Cappellini et al., 2006; Ivanenko et al., 2005 Ivanenko et al., , 2006 . These results suggest that neural systems use such combinations for locomotion and manipulate those basic patterns to create various locomotor functions. This control strategy is simple, and it seems reasonable to assume that it can be used to manipulate the complicated and redundant musculoskeletal system as evaluated by neuromusculoskeletal models. However, it remains important to clarify the neural basis for this hypothesis in motor control (Overduin et al., 2015; Shinoda et al., 1992; Takei and Seki, 2010) .
Although it is clear that muscle activation timing is strictly linked to specific kinematic events, it is not clear to what extent the kinematic events drive muscle activations via proprioceptive feedback, or to what extent intrinsic motor control programs drive the kinematics . In addition, various types of sensory information are regulated to create motor commands and different sensory information types cause different dynamic characteristics in locomotor behavior. The type of sensory information they use, and when and how they use it, are crucial for adaptive and efficient movements. The above-mentioned simulation studies suggest that for the swing-to-stance phase transition, sensory regulation based on foot contact information increases the robustness of locomotion. For the stance-to-swing phase transition, sensory regulation based on the unloading rule related to the force information in the ankle extensor muscle increases robustness more than the hip extension rule related to the angle information of the hip joint. Furthermore, sensory regulation based on interlimb coordination contributes to energy efficiency during obstacle avoidance. Modeling studies are useful to reveal sensorimotor integration mechanisms in locomotion from a dynamic viewpoint.
Motor impairments and rehabilitation
Changes in a low dimensional spatiotemporal structure extracted from muscle synergy analysis provide meaningful insights into the underlying locomotion motor control system. This is not only true for voluntary tasks, such as stepping over an obstacle and kicking a ball, and for gait patterns, such as walking and running, as mentioned above, but also for gait deficits. For example, stroke sufferers often experience some spatiotemporal component merging, which suggests that independent activation pulses are reduced in motor control (Clark et al., 2010) . Additionally, persons with Parkinson's disease require a lower dimensional spatiotemporal structure than healthy older persons, where the basic activation patterns are altered in Parkinson's disease while the weights of distribution are unaffected (Rodriguez et al., 2013) . Walking deficits imposed by Parkinson's disease may reflect inappropriate pattern selection, which may induce gait freezing (Ting et al., 2015) . In addition, patients affected by cerebellar ataxia show widening EMG bursts and the temporal shifts (Martino et al., 2014) .
Although neural dysfunctions are the primary cause of motor impairments, it is difficult to measure neural activities directly. Consequently, clinical tests focus on the evaluation of motor outputs at the behavioral and kinematic levels. However, because muscle activities produce behavioral outcomes and reflect motoneuron activities and muscle synergy structures capture motor impairments as mentioned above, muscle synergy analysis is useful when seeking a better understanding of the neural structure in motor deficits. Examining whether rehabilitation alters muscle synergy structures may provide a novel method of assessing interventions to improve motor functions through neural plasticity (Safavynia et al., 2011) . Furthermore, rehabilitation tools and methods that aim at selectively improving the muscle synergy structure by focusing on a set of muscles that involve a motor function instead of individual muscles, would be useful. Thus, neuromusculoskeletal modeling that captures the neural mechanisms resulting in motor impairments has a potential to be a useful tool for use in the evaluation of rehabilitation strategies, the understanding of neural plasticity in rehabilitation process, and the development of rehabilitation tools and methods (Allen et al., 2013) .
Muscle synergy as an indirect marker of body representation in brain
Humans and animals produce adaptive locomotion while recognizing the relationship between their bodies and their environments. They create and maintain models of their bodies in their brains (body representation in the brain) and their motor control systems refer to these body representations in order to produce adequate motor commands for locomotion. When a body alters with aging or due to disorders, the body representation in the brain must change accordingly. However, if the alterations are invalid, motor functions are impaired.
Monitoring how the body is represented in the brain is useful for understanding motor deficits and can contribute to rehabilitation. However, while it is difficult to identify the body representation directly from neural activities, it is possible to monitor muscle synergy structures, even for motor deficits. Because, as mentioned above, muscle synergy structures are based on motor control outputs and capture motor impairments, long-term changes in the muscle synergy structures during recovery processes may reflect those outputs and impairments in the body representation in the brain. Therefore, muscle synergy levels may provide indirect markers that can be used to estimate the body representation in the brain. Modeling studies for revealing the muscle synergy mechanism may also contribute to elucidating the underlying neural mechanism for the body representation in the brain.
